What mechanisms underlie the transitions responsible for the diverse shapes observed in the living world? Although bacteria exhibit a myriad of morphologies 1 , the mechanisms responsible for the evolution of bacterial cell shape are not understood. We investigated morphological diversity in a group of bacteria that synthesize an appendage-like extension of the cell envelope called the stalk 2,3 . The location and number of stalks varies among species, as exemplified by three distinct subcellular positions of stalks within a rod-shaped cell body: polar in the genus Caulobacter and subpolar or bilateral in the genus Asticcacaulis 4 . Here we show that a developmental regulator of Caulobacter crescentus, SpmX 5 , is co-opted in the genus Asticcacaulis to specify stalk synthesis either at the subpolar or bilateral positions. We also show that stepwise evolution of a specific region of SpmX led to the gain of a new function and localization of this protein, which drove the sequential transition in stalk positioning. Our results indicate that changes in protein function, co-option and modularity are key elements in the evolution of bacterial morphology. Therefore, similar evolutionary principles of morphological transitions apply to both single-celled prokaryotes and multicellular eukaryotes.
What mechanisms underlie the transitions responsible for the diverse shapes observed in the living world? Although bacteria exhibit a myriad of morphologies 1 , the mechanisms responsible for the evolution of bacterial cell shape are not understood. We investigated morphological diversity in a group of bacteria that synthesize an appendage-like extension of the cell envelope called the stalk 2, 3 . The location and number of stalks varies among species, as exemplified by three distinct subcellular positions of stalks within a rod-shaped cell body: polar in the genus Caulobacter and subpolar or bilateral in the genus Asticcacaulis 4 . Here we show that a developmental regulator of Caulobacter crescentus, SpmX 5 , is co-opted in the genus Asticcacaulis to specify stalk synthesis either at the subpolar or bilateral positions. We also show that stepwise evolution of a specific region of SpmX led to the gain of a new function and localization of this protein, which drove the sequential transition in stalk positioning. Our results indicate that changes in protein function, co-option and modularity are key elements in the evolution of bacterial morphology. Therefore, similar evolutionary principles of morphological transitions apply to both single-celled prokaryotes and multicellular eukaryotes.
Stalks are a common feature in aquatic bacterial species living in oligotrophic environments 3, 6 . When these species are subjected to nutrient limitation, stalks elongate to increase the effective length and surface area of the cells 7 , thereby increasing the rate of nutrient uptake 2, 8 . The thin cylindrical stalk is composed of inner and outer membranes separated by peptidoglycan 6 , and compartmentalized by proteinaceous structures called 'cross-bands' 9, 10 (Fig. 1a ). In the Caulobacteraceae family, stalk synthesis occurs at a specific stage of a dimorphic life cycle in which a non-replicating motile swarmer cell differentiates into a sessile stalked cell 11 (Fig. 1b ). In C. crescentus, the stalk is positioned at a single cell pole; in Asticcacaulis excentricus, the stalk is synthesized at a subpolar position off-centre from a cell pole; and in Asticcacaulis biprosthecum, two stalks are positioned bilaterally on the cell body 4 (Fig. 1a ).
The natural variation in stalk location provides an opportunity to study the mechanisms underlying the precise targeting of cell envelope growth zones to generate different morphologies. Stalks in C. crescentus are synthesized from their base 12 by insertion of peptidoglycan within a small area of the cell body 13, 14 . To test whether this mechanism is conserved in the genus Asticcacaulis, we used pulse-chase labelling with Texas Red succinimidyl ester (TRSE) 15, 16 to study cell envelope growth and a fluorescent D-amino acid to label regions of peptidoglycan synthesis 13 . The stalks of A. excentricus and A. biprosthecum are also synthesized by insertion of peptidoglycan at their base (Extended Data Fig. 1a, b) , suggesting that all three species share the same stalk synthesis mechanism.
In light of the above results, we considered that if a conserved stalk morphogen exists, it must localize to the base of stalks. Because many 1 proteins localize at the pole in C. crescentus 17 , we took advantage of the non-polar localization of the stalks in Asticcacaulis to identify stalk morphogen candidates. We constructed fluorescent protein fusions to orthologues of the pole-localized proteins from C. crescentus DivJ, PleC, PopZ and SpmX and analysed their localization in A. biprosthecum. Strikingly, only the regulatory histidine kinase DivJ 18 (Extended Data Fig. 2a ) and its localization and activation factor SpmX 5 (Fig. 1c ) localized at the base of the stalks in A. biprosthecum. During the cell cycle, A. biprosthecum DivJ-enhanced green fluorescent protein (eGFP) localized at the base of stalks only after cytokinesis, during swarmer to stalked cell differentiation (Extended Data Fig. 2b ). In stark contrast, SpmX-eGFP localized to bilateral positions in the incipient swarmer half of the pre-divisional cell before cytokinesis and subsequent stalk synthesis (Extended Data Fig. 1c, e ). Therefore SpmX localization precedes both DivJ localization and stalk synthesis, potentially marking the future site of stalk synthesis.
Interestingly, although the A. biprosthecum divJ 2 mutant still synthesized bilateral stalks (Extended Data Fig. 2a ), the A. biprosthecum spmX 2 mutant was stalkless ( Fig. 2a ). Moreover, although newly synthesized peptidoglycan material co-localized with SpmX-eGFP in wild-type cells, no bilateral foci of fluorescent D-amino acid staining were observed in the absence of SpmX (Extended Data Fig. 1h , j), demonstrating that SpmX is required for stalk peptidoglycan synthesis in A. biprosthecum. Finally, stalk elongation only occurred when SpmX was expressed (Extended Data Fig. 1f ), suggesting that SpmX is required both for the initiation and the elongation of stalk synthesis in A. biprosthecum. Similar results were obtained for A. excentricus ( Fig. 1c , middle; Extended Data Fig. 1d , e, g, i, k), suggesting that the role of SpmX is conserved in both Asticcacaulis species. Notably, SpmX is not required for stalk synthesis in C. crescentus 5 . Because the Caulobacter genus diverged earlier than Asticcacaulis (Fig. 1d ), we conclude that SpmX has been co-opted for stalk synthesis in Asticcacaulis. However, despite its newly acquired role in stalk synthesis, the ancestral function of SpmX in DivJ localization has been retained in A. biprosthecum (Extended Data Fig. 2c ).
To test the hypothesis that SpmX has a pivotal role in the evolutionary transitions in stalk positioning, we performed cross-complementation experiments by expressing heterologous SpmX and SpmX fusions in wild-type or spmX mutant strains of the two Asticcacaulis species and quantitatively analysed SpmX localization. (Fig. 2 and Extended Data Figs 3-6). When we expressed SpmX-eGFP in either the homologous or heterologous wild-type backgrounds, SpmX both localized and drove stalk synthesis at its host-specific location, suggesting that the endogenous SpmX may be able to recruit the heterologous SpmX (Extended Data Fig. 4b , c, h, i). To test this possibility, we expressed heterologous SpmX in the absence of the native spmX gene. Strikingly, when SpmX from the subpolar stalked species A. excentricus (SpmX AE(S) -eGFP) was expressed in the bilateral stalked species A. biprosthecum spmX 2 mutant, it localized to and drove stalk synthesis at a subpolar position ( Fig. 2c and Extended Data Fig. 7 ). (For simplicity throughout the paper, we use SpmX CC(P) , SpmX AE(S) and SpmX AB(L) to denote SpmX from C. crescentus (CC), A. excentricus (AE) and A. biprosthecum (AB), with the subscripts P, S and L indicating their native polar, subpolar and lateral positioning, respectively.) Therefore, A. excentricus SpmX can recruit the heterologous stalk synthesis machinery of A. biprosthecum to synthesize a stalk at an ectopic subpolar position. In contrast, when SpmX from the bilateral stalked species A. biprosthecum (SpmX AB(L) -eGFP) was expressed in the subpolar stalked species A. excentricus spmX 2 mutant, it localized mostly to poles where it induced stalk synthesis ( Fig. 2d and Extended Data Fig. 7 ). These results indicate that although the subpolar positional information exists in A. biprosthecum and can be recognized by SpmX AE(S) , the specific bilateral positional information present in A. biprosthecum is absent or not recognizable in A. excentricus.
Remarkably, these observations also suggest that A. excentricus possesses the ability to synthesize polar stalks in the absence of its endogenous 
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SpmX. Indeed, phosphate starvation, which stimulates stalk synthesis in wild-type strains of all three species (Extended Data Fig. 2f , g), rescued stalk synthesis in A. excentricus spmX 2 cells, but stalks were located at the pole (Extended Data Fig. 2e , g, h). Using holdfast polysaccharide adhesin as a polar marker ( Fig. 1c ), we found that stalks from phosphatestarved A. excentricus spmX 2 cells were tipped by a holdfast (Extended Data Fig. 2e ), confirming that they were synthesized polarly. We infer that A. excentricus possesses an alternative polar stalk synthesis mechanism that is normally masked by the endogenous SpmX-driven subpolar stalk synthesis mechanism (as detailed in Supplementary Information). In contrast, the A. biprosthecum spmX 2 mutant remained stalkless when starved for phosphate (Extended Data Fig. 2f ), indicating that the spmX-independent pathway for stalk biosynthesis has been lost in A. biprosthecum, or is no longer regulated by phosphate starvation. We conclude that both Asticcacaulis species possess the ability to synthesize stalks at exogenous positions, which is masked by the effects of the endogenous SpmX in wild-type cells. We reasoned that the exogenous positions of stalk synthesis are phylogenetically ancestral, and we next sought to infer the evolutionary trajectory of stalk positioning.
To improve the phylogenetic resolution of stalk positioning, we sequenced the genomes of several extra Asticcacaulis strains (Extended Data Fig. 5f , g) and inferred their phylogeny (see Methods and Fig. 1d ). Based on parsimony, the emergence of the polar stalk morphology occurred before the divergence between the Caulobacteraceae and Hyphomonadaceae families (Maricaulis maris and Oceanicaulis alexandrii) ( Fig. 1d ). No known Asticcacaulis isolates synthesize polar stalks, implying that the transition in stalk positioning from polar to subpolar sites occurred very early. In addition, two subpolar stalked strains, Asticcacaulis benevestitus and Asticcacaulis sp. AC466 (Fig. 1d, bracket) , diverged from the same ancestor that led to the sub-clade containing A. biprosthecum, indicating that subpolar stalk synthesis is ancestral to bilateral stalk synthesis. In conclusion, stalk positioning evolved from an ancestral single polar stalk to a single subpolar stalk, and subsequently to bilateral stalks.
We next sought to understand how SpmX has evolved at the protein level by testing the requirement of its main domains for localization and stalk synthesis ( Fig. 1e and Extended Data Fig. 8 ). We constructed a set of truncated alleles removing various domains of A. biprosthecum SpmX, which failed to localize or rescue the stalkless phenotype of the A. biprosthecum spmX 2 mutant (Extended Data Fig. 7d, e ). The muramidase domain and the carboxy (C)-terminal region (intermediate region and transmembrane domains) of SpmX are indispensable for its localization and function. To determine what region of SpmX evolved to specify the location of stalk synthesis, we constructed chimaeric SpmX proteins by mixing and matching the muramidase and the C-terminal regions of different SpmX proteins. In each case, the phenotype of the spmX 2 mutants expressing the various chimaeras correlated with the source of their C-terminal region ( Fig. 3 , Extended Data Fig. 4 and Supplementary Information). We conclude that mutations in the SpmX C-terminal region are responsible for the evolution of the ability of SpmX to drive stalk synthesis from polar to subpolar to bilateral positions. measuring the data points in associated heatmaps (same n) and were analysed by non-parametric statistical methods, as detailed in Supplementary  Table 1 and Methods. ***P , 0.001. Scale bars, 1 mm.
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Morphological transitions generate the diversity of biological forms. A few cases have been studied in eukaryotes, highlighting the importance both of changes in regulatory sequences and of functional protein evolution [19] [20] [21] [22] [23] . Our study has begun to unravel the elusive mechanisms of morphological transitions in bacteria by showing that evolution of the SpmX morphogen underlies the evolutionary trajectory of stalk positioning in the Caulobacteraceae family. Polar stalk synthesis arose from non-stalked species before the divergence of the Caulobacteraceae and Hyphomonadaceae families, but C. crescentus SpmX is not required for stalk synthesis, probably representing the ancestral state. Through differential protein evolution, changes in the SpmX C-terminal region led to stalk synthesis and positioning functions in the Asticcacaulis clade. Interestingly, the ancient polar targeting mechanism is conserved in Asticcacaulis because SpmX CC(P) can localize to the pole in both A. excentricus and A. biprosthecum (Fig. 3b and Extended Data Figs 4a, g and 9f). Conversely, both SpmX AE(S) and SpmX AB(L) can still localize to the polar target in the C. crescentus strains, suggesting the lack of recognizable alternative targets (Extended Data Fig. 9 ). During the transition from polar to subpolar stalk positioning, the C-terminal region of SpmX evolved to position and coordinate the synthesis of stalks, coupled with its co-option at the subpolar target in A. excentricus (Fig. 4 ). Further divergence of the C-terminal region of SpmX led to its ability to recognize new targets, combined with its co-option at the bilateral targets in A. biprosthecum (Fig. 4) .
Our results highlight the modular nature of the positioning mechanism that directs the zonal peptidoglycan synthesis responsible for stalk synthesis. This modularity is evident in both Asticcacaulis species, because SpmX always localizes at the base of ectopically synthesized stalks in several genetically engineered strains (Figs 2 and 3 and Extended Data Fig. 2d ). In addition, the fact that changes in the abundance of SpmX alone can alter the number of stalks in A. excentricus (Extended Data Fig. 2d ) suggests that simple changes in the regulation of SpmX expression could drive the evolution of a species with several subpolar stalks. Conceptually, to position the stalk around the cell body, the cells only need to evolve the ability to localize SpmX to a new subcellular position, where it recruits the stalk synthesis module. This morphogenetic modularity could be exploited in synthetic biology to generate the optimal cell shape for a given process.
Finally, this study has demonstrated that functional evolution of a regulatory protein into a morphogenetic module made the evolution of stalk positioning possible, which in turn generated distinct cellular morphologies. Therefore, protein evolution, co-option and modularity can drive morphological transitions both in single-celled prokaryotes and in multicellular eukaryotes, contributing to the diversity of Darwin's 'endless forms most beautiful' 24 from the microscopic to the macroscopic world.
METHODS SUMMARY
C. crescentus, A. excentricus and A. biprosthecum strains were used in this study. Strains were grown in liquid peptone yeast extract (PYE) medium at 30 uC for C. crescentus and 26 uC for the Asticcacaulis strains. A detailed list of strains and plasmids and their methods of construction is provided in the Supplementary Information and Methods. For the quantitative analysis of fluorescent protein fusion localization, cells were incubated for 18 h in the presence of inducer, mounted on a 1% (w/v) agarose pad and imaged. Quantitative subcellular localization of fluorescent protein fusions was performed at sub-pixel resolution using a specifically developed plug-in for ImageJ 25 . For bioinformatics analysis, orthologues of SpmX were identified using the BLAST suite hosted by the National Center for Biotechnology Information (NCBI) and Integrated Microbial Genomes (IMG). Phylogenetic trees were generated using the maximum likelihood method, and a concatenation of the products of six housekeeping genes was used to infer the phylogeny of species involved. All procedures are detailed in Methods.
Online Content Any additional Methods, Extended Data display items and Source Data are available in the online version of the paper; references unique to these sections appear only in the online paper. Supplementary Information is available in the online version of the paper.
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METHODS
Bacterial strains and growth conditions. All C. crescentus, A. excentricus and A. biprosthecum strains used in this study were grown in liquid PYE medium 6 at 30 uC for C. crescentus and 26 uC for the rest to early stationary phase. Strains were maintained on PYE plates 6 supplemented with antibiotics as necessary (kanamycin 20 mg ml 21 , tetracycline 2 mg ml 21 and gentamycin 5 mg ml 21 ). For phosphate starvation, cells were grown in Hutner base-imidazole-buffered-glucose (HIGG) medium 27 The structured illumination microscopy used a prototype of the DeltavisionjOMX V2.0 (Applied Precision) with a 3100 1.40 NA oil objective (UpanSApo, Olympus), and 1.514 index immersion oil. Fluorescence excitation was performed using 405/ 488/561 nm lasers for DAPI/green/red fluorophores. Fluorescence images were captured by a dedicated Cascade II 512 EM-CCD camera (Photometrics). Acquisition was controlled by the DV-OMX controller software (Applied Precision). Reconstructions were made with the OMX specific SoftWorx v4.5.0 software package (Applied Precision).
For transmission electron microscopy, droplets of exponentially growing cultures were deposited onto electron microscopy carbon-formvar-coated copper grids (200 mesh) and cells were allowed to settle for 30 min. Excess liquid was removed with filter paper, and the grids were quickly washed four times by floating onto droplets of double distilled water. Grids were then transferred to droplets of 1% uranyl acetate in water for 2 min, washed once in double distilled water, dried and examined under the JEOL 1010 transmission electron microscope (80 kV) in the Indiana University Electron Microscopy Center.
Outer membrane protein staining. The amine-reactive moiety succinimidyl ester conjugated to different fluorophores (Texas Red and Pacific Blue) covalently labels primary amines of cell surface proteins 16 . Exponentially growing cells were pelleted by centrifugation at 6,000g for 2 min. Cell pellets from 1 ml of each culture were washed twice in sodium bicarbonate buffer (0.1 M NaHCO 3 , pH 8), and the pellets were re-suspended in 1 ml of sodium bicarbonate buffer containing 1 mg ml 21 TRSE or PBSE and incubated for 5 min at room temperature. After labelling, cells were pelleted and washed twice with PYE medium, and re-suspended in respective buffer/medium for imaging or further treatments. Fluorescent lectin staining. Fluorescent lectin staining of holdfast was performed on cells in liquid culture using Alexa Fluor (AF) 488 (green)/594 (red) conjugated wheat-germ agglutinin lectin binding specifically to GlcNAc oligomers (Molecular Probes) at 50 mg ml 21 final concentration as previously described 28, 29 . Samples were then subjected to imaging. Fluorescent D-amino acid staining of peptidoglycan. Staining with 7-hydroxycoumarin-amino-D-alanine (HADA) was used to track regions of active peptidoglycan synthesis 13 . In brief, cells of respective strains at early stationary phase (A 5 0.8) were incubated with HADA at a final concentration of 250 mm ml 21 for 5 min and were washed twice with water before imaging. Bioinformatics analysis. Orthologues of proteins were identified using the BLAST suite hosted by NCBI and IMG, taking advantage of protein databases including COG, Pfam and NCBI CDD. For active site prediction, I-TASSER 30 was used to identify the active sites based on three-dimensional structure alignment. Percentage identity was calculated using LALIGN 31 with default parameters. Protein or 16S rRNA alignments were generated using Mafft 7.0 (ref. 32) with specialized parameters on a case-by-case basis, and visualized in Jalview 33 . Specifically, the Mafft E-INS-i algorithm was chosen for SpmX alignment as it is optimal for alignments with large potential gaps because the size of SpmX varies significantly among the species used in this study.
Phylogenetic trees were generated with the MEGA 5.1 (ref. 34 ) software suite using the maximum likelihood method. A concatenation of the products of six housekeeping genes dnaA, dnaB, polA, recA, gyrA and gyrB, all of which belong to the essential prokaryotic core genome, was used to infer the phylogeny of species involved 35 (Fig. 1d) . A separate tree based on SpmXs from many species was also generated using similar approaches. The best substitution model and parameters for each tree were selected using the model selector in the MEGA5.1 suite. The rtREV1G1I1F model was chosen based on evaluation of a combination of Bayesian information criterion (BIC) scores, Akaike information criterion, corrected (AICc) value and maximum likelihood value (ln L). Analysis of 100 bootstrapped data sets determined the support value of each node.
The origin of morphologies was roughly estimated using a calibrated molecular clock for bacteria 26 . Briefly, 1% difference in 16S rRNA identity is translated into 25-50 Myr of divergence. Western blot analysis. Cells expressing variants of SpmX-mCherry (YB 5694, 6657, 6658 and 6659) and variants of SpmX-eGFP (YB7677, 7158, 6662, 6666, 5692, 6607, 258, 6668, 6669 and 6671) were grown to early stationary phase in PYE medium (A 5 0.8) with necessary antibiotics or inducer. Of these cultures, 1.2 ml was centrifuged at 6,000g for 2 min, and the pellets were re-suspended in 50 ml of 10 mM pH 8.0 Tris-HCl buffer, 12 ml of 53 loading buffer was added, samples were boiled for 6 min and loaded onto 10% (w/v) acrylamide gels, which were run at 200 V for 40 min. Proteins from the gel were transferred onto nitrocellulose membranes for 60 min at 100 V. Membranes were blocked using 5% (w/v) non-fat dairy milk for 30 min, probed using a polyclonal rabbit anti-mCherry antibody (Living Colour, Clontech) or a monoclonal mouse anti-GFP antibody (JL8, Clontech) at 1:1,000 dilution, and incubated overnight at 4 uC. Horseradish-peroxidaseconjugated goat anti-rabbit or mouse antibody (BioRad) was used as a secondary antibody at 1:20,000 dilution and incubated for 1 h at room temperature. Blots were developed for chemiluminescence using SuperSignal West Dura Substrate (Thermo Scientific) and exposed for 15 min using an Image Station 4000 MM Pro instrument (Carestream). Image analysis. For each experiment, stacks of images were first normalized to correct for background fluctuations over time or over different fields. If required, the background intensity of phase contrast images was subtracted to optimize autothresholding operations. Cells boundary, centreline and pole position were detected with a specifically developed plug-in for ImageJ 25 . Briefly, cells were detected with an auto-thresholding function, and sub-pixel-resolution refined cell contours were obtained using a cubic spline fitting algorithm. Cells in a cluster (cells touching each other) were resolved using an iterative auto-thresholding function. Centrelines of cells were deduced from the skeleton and expanded in both directions to the most probable point maximizing the cell-boundary curvature and minimizing the angle between the centreline and the cell boundary. Fluorescent foci were detected using local and sub-pixel-resolution maxima detection algorithms. For each focus, the distance from the pole (radial coordinate, r) and the angle (angular coordinate, h) were determined and used to plot foci localization on a normalized heat map. By convention, a positive angular coordinate means that the angle h is measured clockwise from the polar axis formed by the cell centreline. A null angular coordinate means that the focus is localized at the tip of the cell pole, whereas 90u means that the focus is localized on cell sides. Because cells are axially symmetrical, the position of each focus in the cell was oriented to the upper left corner of the heat map. For cells with more than one focus, the predominant position of foci localization was oriented to the upper left corner, with its relative position to the other foci conserved on the heat map. For angle profiles, only the angular coordinate h was used as it reflects the positioning of SpmX faithfully, as shown in this study. Pearson's correlation coefficient was calculated between the intensities of pixels above the background value and inside each cell boundary from the channel corresponding to SpmX-eGFP images and the channel corresponding to SpmX-mCherry images. Statistical analysis. For all experiments, data were obtained from biological replicates (n $ 2) and technical replicates (n $ 2). Statistical analysis used the R software RESEARCH LETTER version 2.15.2 (http://www.r-project.org). Because the data did not conform to a normal distribution, the non-parametric Kolmogorov-Smirnov test was used to compare the probability distributions of two samples and the non-parametric Mann-Whitney U test (also called the Wilcoxon rank-sum test) was used to assess the differences in the sample mean between groups. The two-sample Kolmogorov-Smirnov test and Mann-Whitney test are two of the most useful and general alternative non-parametric methods to the two-sample t-test. The two-sample Kolmogorov-Smirnov test evaluates the maximal distance between cumulative frequency distributions of two samples. The Mann-Whitney test evaluates the difference between mean ranks of two samples. Built-in R functions were used to perform the Kolmogorov-Smirnov and Mann-Whitney tests. The statistical analysis was at a 95% confidence level. The Bonferroni correction was used to adjust the P value to control the family-wise error rate. An adjusted value of P , 0.05 was considered statistically significant.
Jackknifing resampling 36 was performed to evaluate the variances of the angle profiles as described previously. Genome sequencing. Genomic DNAs were purified from 10 ml cultures at A 5 0.8 using QIAGEN Genomic-tip 500/G (QIAGEN) with respective buffer sets. Genomic DNAs were quantified by Nanodrop (Thermo Scientific) and diagnostic gels. Purified genomic DNAs were then sequenced using the MiSeq Personal Sequencer platform (Illumina) using sequence by synthesis methods by the Center of Genomics and Bioinformatics at Indiana University. MiSeq reads were trimmed using a quality cutoff of 20 and remaining sequencing adapters were removed using cutadapt pRXGFPC/CHYC/MCS-5 carrying various spmX alleles: spmX AB , spmX AE and spmX CC were amplified from their respective genomes using flanking primers (ABspmXXfFNdeI/ABspmXXfFKpnI, AEspmXXfFNdeI/AEspmXXfRKpnI and CCspmXXfFNdeI/CCspmXXfRAflII) which mutate the stop codon and introduce NdeI/KpnI restrictions sites to the 59/39 ends of spmX AB , and spmX AE and NdeI/ AflII to the 59/39 ends of spmX CC . Fragments were digested with respective enzymes and ligated into equally treated pRXGFPC-5 and pRXCHYC-5 plasmids for inframe fusion constructs pRXGFPC-5-spmX AB , pRXGFPC-5-spmX AE , pRXGFPC-5-spmX CC , pRXCHYC-5-spmX AB and pRXCHYC-5-spmX AE .
For the pRXMCS-5-spmX AB /spmX AE , ABspmXXfFNdeI/ABspmXRKpnI and AEspmXXfFNdeI/AEspmXRKpnI primers were used to retain the stop codon at the end of the gene. Fragments were cut with NdeI/KpnI enzymes and ligated to equally treated pRXMCS-5 plasmid.
For the amino (N)-terminal truncation allele of spmX AB , the nucleotide sequence corresponding to amino acids 150-835 was amplified with primers ABspmXN terdelFNdeI and ABspmXNterdelRKpnI, treated with NdeI/KpnI and ligated into equally treated pRXGFPC-5 and pRXCHYC-5 to create pRXGFPC/CHYC-5-150-835aa-spmX AB .
For chimaeras, two sets of primers were used to amplify the respective N-and C-terminal coding fragments of spmX AB , spmX AE and spmX CC . For the N-terminal coding fragment, the forward primer for the respective spmX was used as previously described (ABspmXXfFNdeI, AEspmXXfFNdeI and CCspmXXfFNdeI), combined with a reverse primer ending at the 450th nucleotide (the end of muramidase domain), carrying a conserved 59 overhang (ABspmXmuraR, AEspmXmuraR and CCspmXmuraR). For the C-terminal coding fragment, a forward primer carrying the same overhang (ABspmXperiF and AEspmXperiF) and a reverse primer, which was the flanking primer amplifying the respective spmX allele (ABspmX XflRAflII and AEspmXXflRAflII), were used. To anneal two fragments together, PCR-SOEing 38 was performed to create spmX AB-AE , spmX AE-AB , spmX CC-AE chimaera spmX alleles. Chimaera fragments were then treated with NdeI/KpnI for spmX AB-AE , spmX AE-AB and NdeI/AflII for spmX CC-AE and ligated into equally treated pRXGFPC-5 plasmid to create pRXGFPC-5-spmX AB-AE , pRXGFPC-5-spmX AE-AB and pRXGFPC-5-spmX CC-AE .
C-terminal fusion plasmids were created by amplifying the C terminus of spmX AB , spmX AE, spmX CC and divJ AB with their respective primer pairs (ABspm XCterfFKpnI/ABspmXCterfRSacI, AEspmXCterfFKpnI/AEspmXCterfRSacI, CC spmXXfFNdeI/CCspmXXfRAflII and ABdivJCterfFKpnI/ABdivJCterfREcoRI).
PCR fragments were treated with KpnI/SacI or NdeI/KpnI and ligated into equally treated pGFPC/CHYC-1/2.
For spmX AB truncation studies, nucleotide fragments coding for protein sequences ending at 150 amino acids and 750 amino acids were amplified using their respective primer pairs (ABSpmXTMdelFKpnI/ABSpmXTMdelRSacI for 1-750 amino acids and AspmXCterdelFKpnI/AspmXCterdelRSacI for 1-150 amino acids), treated with KpnI/SacI and ligated into equally treated pCHYC-2 to create pCHYC-2-1-750aa-spmX AB and pCHYC-2-1-150aa-spmX AB .
Insertional knockout constructs: internal fragments of respective genes (spmX AB , spmX AE and divJ AB ) were amplified using their corresponding primer pairs (AB spmXIKOFPstI/ABspmXIKORSacIand AEspmXIKOFKpnI/AEspmXIKORSacI), treated with PstI/SacI or KpnI/SacI and ligated into equally treated pBGST18
